Abstract The in situ microwave cavity perturbation technique was used to study the complex permittivity and conductivity of polycrystalline α-V 2 O 5 in a tubular reactor under reactive high temperature conditions with a TM 110 cavity resonating at 9.2 GHz. The sample was investigated at 400
Introduction
The interaction between the electronic structure of semiconducting solids and the surrounding gas atmosphere due to chemisorption of gas molecules at the solid surface has for a long time been studied by electrical conductivity measurements [1] . Charge transfer at the solid/gas interface can significantly affect the charge carrier concentration in the conduction or valence band of a semiconducting solid, and thus its overall conductivity. This observation has found broad applications in the field of gas sensors. However, the same underlying mechanisms play a major role in heterogeneously catalyzed reactions, if reducible solids (such as many transition metal oxides) are at least part of the catalytically active phase [2, 3] . One prominent and industrially highly important class of reactions is the partial oxidation of alkanes to olefins and oxygenates requiring the transfer of a rather high number of charge carriers between catalyst and organic substrate [4] . The direct functionalization of light alkanes is in particular important in light of the upcoming raw material change in the dawning post-crude oil age. An already industrially applied example is the oxidation of n-butane to maleic anhydride, which is produced in a megaton per year range, at about 400
• C on vanadyl pyrophosphate [5] . Vanadyl groups (V=O), either in monomeric or polymeric form, are discussed as redox-active species in the catalytic oxidation processes [6] . Hence binary vanadium oxides are highly interesting and structurally well-defined reference materials in order to understand fundamental principles, e.g. the influence of the electronic structure and of charge transfer properties on the catalytic performance [3] .
However, 2-contact type electrical conductivity measurements often applied in catalytic in situ experiments are unfortunately rather undefined and provide many sources of error in reactive atmospheres. In particular, erratic contact resistances [7] between electrode and powder and between catalyst grains and particles, possibly even changing under reactive conditions due to water evaporation, catalyst sintering, electrode corrosion, etc., hamper the accurate determination of absolute conductivities and relative changes needed for a rigorous and quantitative correlation of charge transport and catalytic properties.
In order to avoid most of such electrode contactrelated problems the microwave cavity perturbation technique (MCPT) has been applied to measure the conductivity and permittivity of powder catalysts under reaction conditions in a contact free manner [8, 9] . Measure- 
Experimental

Sample
The sample under investigation was extra pure α-
powder from Riedel-de Haën. The phase purity was tested by X-ray powder diffractometry (XRPD). The Rietveld analysis of the XRPD pattern shown in Figure 1 , exhibits that the α-V 2 O 5 powder is phase-pure. The crystal density of the V 2 O 5 powder determined from the Rietveld analysis was 3.365 g/cm 3 . crystal structure with vanadium coordination polyhedra.
Microwave cavity perturbation measurement
The microwave conductivity setup is illustrated in Fig tion heat. Additionally, the cavity was water-cooled and purged with dry air in order to avoid any effects of air humidity. A detailed description of the heating and gas delivery system was reported previously [8] . This setup offers the possibility to measure the complex permittivity of single crystal and powder samples as a function of time, gas atmosphere, and temperature.
Catalytic measurements
As for the catalytic and permittivity measurements run in the MCPT setup, the α-V 2 O 5 powder was first pel- 
In situ X-ray powder diffraction (XRPD)
Ex situ diffractograms were recorded on a Bruker AXS D8 diffractometer. In situ XRPD data were collected on a STOE theta-theta X-ray diffractometer (CuKα 1,2 radiation, secondary graphite monochromator, scintillation counter) equipped with an Anton Paar XRK 900 high temperature reactor chamber with gas dosing system and coupled Pfeiffer OmniStar quadrupole mass spectrometer to monitor the downstream gas composition.
The total flow rate was 100 ml/min. The sample was 
In situ UV-VIS spectroscopy
The in situ UV-VIS experiment was performed with a Perkin Elmer Lambda 650 spectrometer equipped with a Harrick in situ reaction cell. The UV-VIS spectra were measured in diffuse reflectance geometry from 800 nm (1.55 eV) to 200 mn (6.2 eV) with a stepsize of 1 nm.
Every 5 min a spectrum was taken. The Kubelka Munk theory [11] was used to evaluate the data:
where K is the coefficient of absorption, S the coefficient of scattering, and R the measured reflectance.
α-V 2 O 5 powder was heated to 400
• C with a rate of 10 K/min in 20 vol% oxygen and 80 vol% helium. At 400 • C the sample was kept for 110 min in this gas mixture.
Afterwards, the atmosphere was changed to 1 vol% nbutane, 20 vol% oxygen, and 79 vol% helium for 110 min, followed by the re-application of the first mixture for 110 min. The total flow was always 20 ml/min. The CO 2 concentration was detected with a Varian CP-4900 micro gas chromatograph to monitor the catalytic performance of the sample.
3 Results and discussion
Microwave permittivity and conductivity of α-vanadium(V) oxide
The introduction of a sample into a resonant cavity leads to a shift of the angular resonance frequency ω 0 and a change of the quality factor Q. The quality factor is defined in terms of the maximum stored energy W s and the average dissipated power P d in the cavity at the resonance frequency. It can also be expressed as the ratio of the resonance frequency and the full width at half minimum (FWHM) ∆ω of the power peak:
In the depolarization regime the real part 1,p and imaginary part 2,p of the complex powder permittivity is related to the resonance frequency shift and quality factor change, respectively, with and without sample [12] : In order to transform the complex permittivity of the powder p = 1,p +j 2,p into the complex permittivity of the solid s = 1,s +j 2,s an effective medium theory calculation has to be applied. We used the Landau-LifshitzLooyenga formalism [13, 14] which is reported to provide an accurate correlation between the dielectric constants of powder and bulk in the micro-and radiowave regime for a broad range of powder volume fractions f (ratio of powder density and crystallographic (bulk) density) [15] , and which gave also reliable values for semiconductor powders such as rutile TiO 2 and SrTiO 3 :
The relationship between the complex permittivity s and the complex conductivity σ is given by the following equation:
σ 1 describes the dielectric and/or ohmic losses (due to bound and free charge carriers, respectively) and is hence comparable with the DC conductivity, if losses not caused by free carriers can be neglected, which is a good approximation for most semiconductors [16] .
In Figure 3 the complex permittivity and conductivity, as calculated with equations (3), (4), (5), (6), and (7), and reaction product concentrations (i.e. catalytic performance) of α-V 2 O 5 are plotted. It has been reported that 20 vol% oxygen in inert gas above 300
• C are sufficient to fully oxidize α-V 2 O 5 and remove surface defects [17] . The electrical conductivity in V 2 O 5 single crystals was described by free and bound polarons, the latter being localized at vanadium sites associated with oxygen vacancies [18] . The decrease of the conductivity in the first 20 min of the experiment can thus be explained by the healing of defects. The change from oxidizing to more reducing conditions (1 vol% n-butane/20 vol% oxygen/79 vol% nitrogen) induced an increase of the conductivity, which is characteristic for an n-type semiconductor and is in agreement with literature [19, 20] .
The n-type conductivity is induced from non-stoichiometries in the oxide [3] . It was proposed that oxygen vacancies are compensated by vanadium species in lower oxidation states than the stoichiometric oxidation state +5, namely +4 and +3 [21] . In an oxidizing atmosphere the conductivity of an n-type semiconductor with appropriate reactivity decreases, while it increases in reducing gases. In a common model, this effect is explained by When the inital atmosphere was re-applied the conductivity decreased and approached only very slowly the value observed during the first atmosphere (Figure 3b) . This is in contrast to the very fast response observed in the reducing atmosphere. Interestingly, it has been reported that the re-oxidation of vanadia catalysts is the rate-limiting step in redox reactions [2, 22, 23] .
For comparison, the much more active commercial catalyst vanadyl pyrophosphate (VPP), which catalyzes the selective oxidation of n-butane to the important basic chemical maleic anhydride with high selectivities, shows very fast reduction and slow oxidation kinetics as well [10] . However, the conductivity trends in the different gas mixtures are reversed, i.e. VPP exhibts a p-type conductivity behavior. An often discussed active site in oxidation catalysts is oxygen with the formal oxidation state -1 [2] . Such an ionic surface state could be formed by the trapping of an electron hole by (surface) lattice oxygen, which might explain the often observed higher catalytic activity (and probably selectivity) of p-type semiconducting oxides (in Kröger-Vink notation):
This general statement is in agreement with other catalytically active vanadium phosphate samples investigated by the microwave conductivity technique [24] .
The total value of the measured conductivity of V 2 O 5 is orders of magnitudes higher than the conductivity of the selective catalyst VPP [10] . it is proportional to σ 1 after equation (7). The absolute value of 1 is in the range of 10 2 , which compares well with values of 40 (b-axis) and 300 (c-axis) of single crystals measured at 10 kHz and about 200 K [25] . As for the catalytic reactivity, the parallel formation of CO and CO 2 indicates that the following combustion reactions took place at the surface of the catalyst:
The maximum n-butane conversion was 8%. In detail, 
In situ XRPD
In order to find a possible correlation between the conductivity and permittivity dynamics in oxidizing and reducing atmospheres and a possible phase transformation or a perturbation of the lattice due to the removal of oxygen from the bulk, in situ XRPD was performed. In was plotted versus hν and the band gap energy was determined by linear extrapolation of the low energy absorption edge as denoted in Figure 5a . We found a value of 1.93 eV for the band gap, which is smaller than 2.2 eV reported in literature [27] . However, it is well known that the band gap of a semiconductor decreases with increasing temperature [28] . Additionally, diffuse reflection spectroscopy systematically underestimates the band gap for crystal sizes smaller than ca.
10 µm [29] . Thus, all features at photon energies smaller 
From electron paramagnetic resonance spectroscopy results it was concluded that one excess electron in the vacancy can interact with (i.e. is localized at) empty 3d-orbitals of adjacent vanadium atoms [21] . Moreover, the rather strong near-infrared (NIR) absorption was explained by charge transfer from the localized 3d
states in the forbidden band gap to the conduction band or neighboring V orbitals. Consequently, we assign the increase of K/S in this range to the presence of oxygen vacancies and adjacent vanadium(IV) states perfectly rationalizing the increased conductivity. Moreover, this is in agreement with UV and X-ray photoelectron studies
showing that an occupied vanadium(IV) state appears in the bandgap of α-V 2 O 5 due to the removal of lattice oxygen under reducing conditions [17, 31] . 
